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TITLE- A TECHNIQUE FOR IMPROVING MODULATION PERFORMANCE OF 
TRANSLATIONAL LOOP RF TRANSMITTERS 

Specification 
BACKGROUND 

1. Technical Field 

The present invention relates to wireless communications and, more particularly, 

wideband wireless communication systems. 



2. Related Art 

Communication systems are known to support wireless and wire lined communications 
between wireless and/or wire lined communication devices. Such communication systems range 
from national and/or international cellular telephone systems to the Internet to point-to-point in- 
home wireless networks. Each type of communication system is constructed, and hence 
operates, in accordance with one or more communication standards. For instance, wireless 
communication systems may operate in accordance with one or more standards, including, but 
not limited to, IEEE 802. 1 1 , Bluetooth, advanced mobile phone services (AMPS), digital AMPS, 
global system for mobile communications (GSM), code division multiple access (CDMA), local 
multi-point distribution systems (LMDS), multi-channel-multi-point distribution systems 

(MMDS), and/or variations thereof. 

Depending on the type of wireless communication system, a wireless communication 
device, such as a cellular telephone, two-way radio, personal digital assistant (PDA), personal 
computer (PC), laptop computer, home entertainment equipment, etc., communicates directly or 
indirectly with other wireless communication devices. For direct communications (also known 
as point-to-point communications), the participating wireless communication devices tune their 
receivers and transmitters to the same channel or channels (e.g., one of a plurality of radio 
frequency (RF) carriers of the wireless communication system) and communicate over that 
channel(s). For indirect wireless communications, each wireless communication device 
communicates directly with an associated base station (e.g., for cellular services) and/or an 
associated access point (e.g., for an in-home or in-building wireless network) via an assigned 
channel. To complete a communication connection between the wireless communication 
devices, the associated base stations and/or associated access points communicate with each 
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other directly, via a system controller, via a public switch telephone network (PSTN), via the 
Internet, and/or via some other wide area network. 

Each wireless communication device includes a built-in radio transceiver (i.e., receiver 
and transmitter) or is coupled to an associated radio transceiver (e.g„ a station for in-home and/or 
5 in-building wireless communication networks, RF modem, etc.). As is known, the transmttter 
includes a data modulation stage, one or more intermediate frequency stages, and a power 
amplifier. The data modulation stage converts raw data into baseband signals in accordance wtth 
the particular wireless communication standard. The one or more intermediate frequency stages 
mix the baseband signals with one or more local oscillations to produce RF signals. The power 
,0 amplifier amplifies the RF signals prior to transmission via an antenna. 

As is also known, the receiver is coupled to the antenna and includes a low noise 
amplifier, one or more intermediate frequency stages, a filtering stage, and a data recovery stage 
(de-modulator). The low noise amplifier receives an inbound RF signal via the antemta and 
amplifies it. The one or more intermediate frequency stages mix the amplified RF srgnal wtth 
15 one or more local oscillations to convert the amplified RF signal into a baseband stgnal or an 
intermediate frequency (IF) signal. As used herein, me ten* "low IF" refers to both baseband 
and intermediate frequency signals. A filtering stage filters the low IF signals to attenuate 
unwanted out of band signals to produce a filtered signal. The data recovery stage recovers raw 
data from the filtered signal in accordance with the particular wireless communieatton standard. 
20 Alternate designs being pursued at mis time further include direct conversion radios that produce 
a direct frequency conversion often in a plurality of mixing steps or stages. 

Phase locked loops (PLLs) are becoming increasingly popular in integrated wreless 
transceivers as components for frequency generation and modulation. PLLs are typically used 
for one of a variety of functions, including frequency translation to np-convert a baseband (BB) 
25 signal to an intermediate frequency (IF) or to up-convert a baseband or IF signal to RF prtor to 
amplification by a power amplifier and transmission (propagation). PLLs allow for a htgh 
degree of integration and, when implemented with the appropriate amount of programmabthty, 
can form a main building block for modulators that operate over a wide range of frequences. 
Typically, a baseband processor produces a baseband digital signal that is converted to a 
3„ continuous waveform signal by a digi.al-.o-analog converter (DAC). The continuous waveform 
signal constitutes the analog baseband signal that requires up-converting to IF and then RF. 
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A class of PLL based transmitters, known as translational loops, have become 
particularly popular. Briefly, in a translational loop, the desired modulated spectrum is generated 
as some low IF or at DC and then is translated to the desired RF using a PLL. In applications 
with non-constant envelope modulation, a parallel path for amplitude variation modulates the 
output power amplifier to generate the desired amplitude variation. One problem with current 
translational loops, however, is that reference signals, and especially IF reference signals couple 
to an output VCO of the translations! loops through undesired circuits paths. This phenomenon 
is referred to as "reference feed-through" or "IF feed-through" and is particularly prevalent in 
low voltage supply CMOS technologies optimized for digital processing. Many wireless 
communications standards, for example the GSM standard for cellular communications, impose 
strict limits on the spurious emissions of a given transmitter. Since reference feedthrough 
manifests itself as spurious emission in the RF output, many design efforts go into ensunng 
adequate attenuation of the reference feedthrough when designing a translational loop type 
transmitter for GSM. For example, when employing a 26MHz reference signal, the GSM 
standard limits the reference feedthrough to -79dBm (measured over a 100kHz bandwidth). 
Normalized to a transmitter with an output power of + 33dBm (a typical GSM specification), the 
limitation on the reference feedthrough is -1 12 decibels relative to the carrier (dBc). 

The closed loop PLL signal filter of the translational loop can be used to attenuate the 
reference feedthrough since this is an input referred noise source. However, as it turns out, in 
CMOS technology the level of reference feedthrough is typically so significant that the closed 
loop PLL signal filter must be made very narrow, eg. a few hundred kilo-hertz (kHz), in order to 
attenuate the reference feedthrough to an acceptable level. This, however, in turn imposes a large 
distortion on the transmitted signal and causes the transmitter to fail the modulation accuracy 
requirements of GSM. 

For example, Figure 1 shows the RF output spectrum in decibels relative to the earner 
(dBc) versus frequency offset from the carrier (in MHz) of the translational loop transmitter of a 
prior art transmitter The frequency range in Figure 1 is 0-30 MHz relative to the RF carrier and 
demonstrates IF reference feed-through at a 26MHz offset. 

Figure 2 shows the typical magnitude response of the closed loop PLL signal filter 
0 corresponding to the translational loop of Figure 1. This closed loop response is as narrow as 
can be allowed for without imposing excessive distortion on the transmitted signal. Figure 3 
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shows the attenuation of the PLL signal filter of the IF reference feed-through, i.e., 
corresponding to the region around 26MHz offset. 

For this example, the attenuation is approximately 52dB, resulting in a reference 

feedthrou^t of -86dBc. As an IF reference feed-through of -112dBc or less is required to 

comply with GSM standards, it follows that this cannot be satisfied in the example of Ftgure 1 . 

Hence, a need exists for a modified translattonal loop RF transmitter that can meet such GSM 

standards. 
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Summary of the Invention 

The present invention employs digital signal processing in the baseband processor to 
eliminate me modnlation error problems caused by narrow PLL signal filters in me prior art. 
The present invention satisfies a need for an architecture in which the PLL signal filter can be 
made narrower than in prior art while no, significantly degrading transmitter modulation 
performance in order to satisfy strict IF fecdthrough requirements such as for GSM cellular 
telephony. Specifically, the transmit signal generated by the baseband processor ,s >e- 
distorted" so as to counter act the distortion imposed by a narrow PLL signal filter. This "pre- 
distortion", or equalization process, occurs in two stepsi a magnitude equalizer filter m me 
baseband processor pre-distorts the amplitude of the transmit signal according to the tnverse of 
the PLL signal filter magnitude response, and a group delay equalizer filter linearizes me phase 
response of the entire transmitter chain, i.e., pre-distorts the ttansmit signal such that the 
combined phase response of magnitude equalizer, group delay equalizer, and PLL signal filter is 
finear The result is a translation^ loop transmitter that allows for a narrow PLL signal filter 
while providing htgh modulation accuracy. Ota aspects of the present invention will become 
apparent with further reference to the drawings and specification, wtnch follow. 

Due to the properties of the PLL (translational loop), the PLL has both frequency 
selective magnitude response and frequency selective phase response. Tints, one aspect of the 
invention introduces frequency selective magnitude pre-eompensation in the BBP ( PLL 
Magnitude Equalizer"). The other aspect of the invention introduces frequency selecttve phase 
pre-compensation in the BBP (TX Chain Group De,ay Equalizer"). This pre-eompensation is 
intended to, in combination with the PLL response, produce a system response that is flat in both 
magnitude and phase. The nominal result is that the RF ttansmit signal has perfect form. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention ean be obtained when the following 
detailed deseription of the preferred end— is considered with the Mowing drawtngs, ,n 

- Wh ' Ch: Figure 1 shows the RF output spec™ in decibela relative ,o the earner (dBo) of the 
' translation!, loop —er of a prior art — wifi, * ^ - <— *" 1 — 
frequency offset from the carrier (in MHz); 

Figure 2 shows the tnagnih.de response of a typica. PLL stgna. loop filter of the 

translational loop of Figure 1; . . t 

Figure 3 shows fine attenuation of the PLL signa, finer of .he fF reference feed-threugh at 

figure 4 is a fttnctiona, b.ock diagram floating a communication system fha. includes 
a pfurahty of base stations or access points (APs), a pluralify of wireless eonununieation devtees 
and a network hardware component; 

Figure 5 is a schematic bfoclr diagram illustrating a wireless communteafton devtce as a 

host device and an associated radio; 

Figure 6 is a functiona. bloofc diagram of a radio transmitter formed accordtng to one 

embodiment of the present invention; m ^ 1 ,i.t es 
Figure 7 is a digital processor of a radio transmitter that recetves dtgttal data, modulate 
20 the digi J data and produces a digitized ,F signa, according fo one embodiment of fine present 

^Figure S il.ustra.es a trans.ationa, loop transmitter in accordance with some current 
designs for use in a global system for mobile communications (GSM) network; 

Figures 9A and 9B show details of a typica, charge pump and loop filter configuration 
25 formedaccordingtooneembodimen.ofthepresentinven.ion; 

Figure ,0 is a p.o. of me typical RF output spectrum when measured wtth a tneasuremen 
finer of 30kHz bandwidfir, as prescribed by fire GSM standard as well as the reared specfral 
mask; 

Figure 1 1 gives the details of the spectral mask requirements; 

Figure 12 shows a linearized model of the translational loop RF transmitter; 
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Figure 13 shows the "spurious emissions" requirements of the GSM standard as a 

function of frequency band; translation^ loop 

Figure 14 shows the magnitude response of the PLL s lg nai niter 
RF transmitter designed in accordance with the present invention; 

X 15 shl the attenuation of the PLL stgnal filter of the IF reference feed— 



5 

at 26 MHz; 



offset; 

10 



16 shows the RF output specttum of the transiationa. loop transmitter of Figure 1 
in accord! with the present invention, aiso showing reference feed-throng a, 26MHz earner 

Kgur e ,7 shows the ntagnitt.de response of the ntagnitttde ecmaHzer of the baseband 

^ & Zk .9 shows the group deiav response of the PLL stgna. fitter o, the transiationa. 
,5 loopRF transmitter designed in accordance with the present inventton; 

Figure 20 shows the group deiay response of the cascade of magnttt.de etmahzer, group 

delay equalizer, and PLL signal filter; 

Figures 2, and 22 show the pole/zero p.ots corresponding to the ma^.tude and group 
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delay equalizer, respectively, 

Figure 23 illustrates a general bi-quad structure; and 

Figure 24 is a flowchart illustrating one method of the present invention. 
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DETAILED DESCRIPTION OF THE DRAWINGS 

Figure 4 is a functional block diagram illustrating a communication system 10 that 
indudes a plurality of base stations or access points CAP.) .2-16, a plurality of wireless 
communication devices .8-32 and a network hardware component 34. The wtreles 
, communication devices .8-32 maybe laptophos, computers .8 and 26, persona dtgtta asststan, 

The details of the wireless communication devices wil, be described in greater detat. wtth 
reference to Figure 5. 

The base stations or APs 12-16 are operab.y coupled to the network hardware component 
„ 34 via .oca. area network (LAN) connections 36, 38 and 40. The network hardware component 
34 which may be a router, switch, bridge, modem, system controller, etc., provides a wtdc area 
netivork connection 42 for the communication system 10. Each of the base stilus - 
points .2-16 has an associated antenna or antenna array to commumoate wtth tit wireless 
commumcation devices in its area. Typically, the wireless communication devices .8-32 regtster 
15 with the particmar base station or access poinls 12-16 to receive servtces from the 
commtmication system 10. For direct connections (i.e., point-to-point con— tons,, 
wrreless communication devices communicate directly via an allocated channel. 

Typically, base stations are used for cellular telephone systems and like-type systems, 
while access points are used for in-home or in-building wireless networks. Regardless of the 
2 0 particular type of communication system, each wireless commuetieation device include, a buth- 

in radio and/or is coupled to a radio. 

Figure 5 is a schematic block diagram illustrating a wireless commumcatton devtce 18- 2 
as a bos, device and an associated radio 60. For ce,.u,ar te.epbone hosts, the radio 60 is a both- 
in component. For persona, digital assistants hosts, laptop hosts, and/or persona, computer hosts, 
25 ,heradio60maybebuilt-inoranexterna„ycoup,edcomponent. 

As illustrated, the host wire,ess communication device 18-32 includes a processmg 
module 50, a memory 52, a radio interface 54, an input interface 58 and an output interface S6. 
The processing m„du.e 50 and memory 52 execute the corresponding in— that „ 
W icl„y done by the bos, device. For examp.e, for a cellular .Cephone bos, devtce, . e 
3 „ pissing modu.e 50 performs the corresponding commumcatton functions m accordance wtm 
a particular cellular telephone standard. 
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The radio interface 54 allows data to be received from and sen. to the radio 60. For data 
received from Ore radio 60 (e.g., inbound data), the radio interface 54 provides the data to the 
processing modnle 50 for further processing and/or routing to the output interface 56. The 
output interface 56 provides connectivity to an output device such as a display, monttor, 
5 speaker etc., such that the received data may he dismayed The radio interface 54 also provtdes 
data from the processing module 50 to the radio 60. The processntg moduie 50 may rece,ve the 
outbound dan, from an input device such as a keyboard, keypad, microphone, etc., via the ,npu. 
interface 58 or generate the data itself. For data received via the input interface 58, the 
processing module 50 may perform a corresponding host function on the data and/or route ,t ,o 
10 the radio 60 via the radio interface 54. 

Radio 60 includes a host interface 62, a digital receiver processing module 64, an analog- 
to-digital converter 66, a filtering/gain module 68, a down-conversion module 70, a low no.se 
amplifier 72, a receiver filter module 71, a transmitter/receiver <Tx/RX) switch module 73, a 
,„cal oscillation module 74, a memory 75, a digital transmitter processing module 76, a dtgttal- 
,5 to-analog converter 78, a filtering/gain module 80, an IF mixing up-conversion module 82, a 
power amplifier 84, a transmitter filter module 85, and an antenna 86. The antenna 86 is shared 
by the transmit and receive paths as regulated by the Tx/Rx switch module 73. The antenna 
implementation will depend on the particular standard to which the wireless commumcatton 
device is compliant. 

The digital receiver processing module 64 and the digital transmitter processmg module 
76 in combination with operational instructions stored in memory 75, execute digital recetver 
functions and digital transmitter functions, respectively. The digital receiver functions include, 
but are no. limited to, demodulation, constellation demapping, decoding, and/or descrambltng. 
The digital ttansmitter functions include, bu. are no. limited .0, scrambling, encodmg, 
25 constellation mapping, modulation. The digital receiver and ttansmitter processing modules 64 
and 76, respectively, may be implemented using a shared processing device, indmdual 
processing devices, or a plurality of processing device, Such a processing device may be a 
coprocessor, micro-controller, digtfa. signal processor, microcomputer, centra, processmg 
unit field programmable gate array, programmable logic device, state machine, logic ctremtry, 
30 analog circuitry, digital circuitry, and/or any device fha. manipulates si^tals (analog and/or 
digital, base* on operational instructions. The memory 75 may be a single memory devtce or a 
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ptaraHty of memory devices. Such a memory dev,ce may be a read-only memory, random 
access memory, volatile memory, non-vo,ati,e memory, static memory, dynamic memory, flash 
mentor, and/or any device that stores digital information. Note that when the drgrtai recerve, 
processing modn.e 64 and/or the digital transmitter processing module 76 implements one or 
, more of its functions via a state machine, analog circuitry, digital circuttiy, and/or logic crrcurtry, 
the memory storing tire corresponding operationa, instructions is embedded with the circuttry 
comprising the state machine, analog circuitry, digita, circuitry, and/or logic circurtry. The 
tnemory 75 stores, and the digita. receiver processing module 64 and/or the digrta. fransmrtter 
processing motiulc 76 executes, operationa, instructions corresponding to at least some of tire 

10 functions illustrated herein. 

to operation, the radio 60 receives outbound data 94 from tire host wrreless 
communication device ,8-32 via the host interface 62, The host interface 62 routes the outbound 
data 94 to tire digital transmitter processing moduto 76, which processes the outbound dam 94 m 
accordance with a particular wireless communication standard (e.g., IEEE 802.1. a, IEEE 
15 802.11b, Bhretooth, etc.) to produce digita. transmission formatted data 96. The dtgrta, 
transmission formatted data 96 wifl be a digita. baseband signal or a digital .ow W stgnal, where 
the low IF typically will be in the frequency range of 100 KHz to a few Mega-Hertz. 

The digital-to-analog converter 78 converts the digital transmission formatted data 96 
from the digital domain to tire analog domain. The filtering/gain module 80 fitters and/or adjusts 
„ tire gain of tire a^log baseband signal prior to providing it to tire up-convercion module 82. The 
up-conversion mc<iu.e 82 directly converts tire analog baseband signal, or low IF signal, mto an 
RF signal based on a transmitter .ocal escalation 83 provided by local oscillation module 74. 
Loca, oscillation modme 74 is, in one embodiment of tire invention, a multi-stage mrxer as 
described herein. The power amplifier 84 amplifies tire RF signal to produce an outbound RF 
25 signa, 98, which is fdtered by the transmitter filter modu.e 85. The antenna 86 transmtts the 
outbound RF signa, 98 to a targeted device such as a base station, an access point and/or another 
wireless communication device. 

The radio 60 also receives an inbound RF srgnal 88 via the antenna 86, whrch was 
transmitted by a base station, an access point, or another wirdesa —cation devrce^ The 
30 antenna 86 provides tire inbound RF signa, 88 to the receiver filter module 7 vra « * 
switch module 73, where the Rx filter module 7. bandpass filters the inbound RF srgna, 88. The 
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Rx filter module 71 provides the filtered RF signal to low noise amplifier 72, which amplifies the 
inbound RF signal 88 to produce an amplified inbound RF signal. The low noise amplifier 72 
provides the amplified inbound RF signal to the down-conversion module 70, winch directly 
converts the amplified inbound RF signal into an inbound low IF signal or baseband signal based 
on a receiver local oscillation signal 81 provided by local oscillation module 74. Locd 
oscillation module 74 is, in one embodiment of the invention, a multi-stage mixer as described 
herein The down-conversion module 70 provides the inbound low IF signal or baseband signal 
to the filtering/gain module 68. The filtering/gain module 68 may be implemented in accordance 
with the teachings of the present invention to filter and/or attenuate the inbound low IF signal or 
the inbound baseband signal to produce a filtered inbound signal. 

The analog-to-digital converter 66 converts the filtered inbound signal from the analog 
domain to the digital domain to produce digital reception formatted data 90. The digital receiver 
processing module 64 decodes, descrambles, demaps, and/or demodulates the digital reception 
formatted data 90 to recapture inbound data 92 in accordance with the particular wireless 
communication standard being implemented by radio 60. The host interface 62 provides the 
recaptured inbound data 92 to the host wireless communication device 18-32 via the radio 
interface 54. 

As one of average skill in the art will appreciate, the wireless communication device ot 
Figure 3 may be implemented using one or more integrated circuits. For example, the host 
device may be implemented on a first integrated circuit, while the digital receiver processtng 
module 64, the digital transmitter processing module 76 and memory 75 are implemented on a 
second integrated circuit, and fire remaining components of the radio 60, less the antenna 86, 
may be implemented on a third integrated circuit. As an alternate example, the radio 60 may be 
implemented on a single integrated circuit. As yet another example, the processing module 50 of 
; host device 18-32 and the digital receiver processing module 64 and the digital transmttter 
processing module 76 of radio 60 may be a common processing device implemented on a stngle 
integrated circuit. Further, memory 52 and memory 75 may be implemented on a stngle 
integrated circuit and/or on the same integrated circuit as the common processing modules of 
processing module 50, the digital receiver processing module 64, and the digital transmttter 
0 processing module 76. Figure 4 generally shows the elements of a radio transmttter. In 
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accordance with me present invention, the circuitry shown may he structured as described in 
greater detail in Figure 5. 

~ Figure 6 is a Junctional block diagram of a radio transmitter formed according to one 
embodiment of the present invention. A radio transmitter 100 includes a digital processor 102 
tha. produces digitized intermediate frequency signals that define a phase and a frequency of a 
phase modulated signal. A digi«af,o-ana,og converter module 106 is coup.ed to receive .he 
digitized IF sigmal and produces a continuous waveform IF signal to a filter 108. Ftltcr 108 
produces a filtered IF signal as a reference signal to a phase frequency detector (PFD) 1 10. The 
filtered IF signal, which may be represented as cos«o»< + 9 BB ), is a continuous waveform stgnal 
having a frequency of 26 MHz and a phase of 8 BB . While the frequency of oscillation ,s 26 MHz 
in the described embodiment, the output frequency is a fimction of .he digitized signal produced 
by digital processor 102. In this example, the digitized signa. is an IF signal .hough the digttized 
si^tal may also be a low IF signal or a baseband frequency signal thereby resulting in a low IF or 
baseband frequency continuous waveform signal being produced from filter 108. 

Not only is the frequency of the filtered IF signa. produced by filter 108 determined by 
digital processor 102, bn, also (he phase 6 BB as defined by in-phase and quadrature component 
values. Accordingly, when radio transmitter 100 is formed to operate as a GSM transmttter, 
digital processor 102 further defines a phase 0 BB of the filtered IF signal as a par. of phase 
modulating the signal that is ultimately radiated as a radio frequency transmit stgnal. 

The PFD 1 10 produces control signals to a charge pump (CP) 112 that, responsive to the 
control sisals, produces a corresponding error current signal. More specifically, a magnitude of 
(he error current signal is increased or decreased based upon the control signals. A loop filter 
1 14 is coupled to receive the error current signal and to produce a corresponding error voltage 
signal to a voltage controlled oscillator (VCO) 1.6. An increase error current results » an 
increased error voltage signa. produced by loop filter 1 .4. VCO 1 16 produces an oscillation 
which here also is the RF transmit signal. In the described embodiment, the RF transmit stgnal 
produced by VCO 1 16 is produced to a power amp.if.er 1 1 8 for amplification and radiatton from 
an antenna as a constant envelope modulated signal. The phase of the oscillation, in a OSM 
network, defines the logic state of a particular data bit. 

ta the specific embodiment of Figure 6, radio transmitter 100 is a GSM-based radto 
transmitter. Accordingly, tire output escalation or carrier frequency of the RF transmit signal 
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produced by VCO 1 .6 is equal to one of approximately 800, 900, 1800 or .900 MHz, as denned 
by the GSM standard. As shown herein, the RF transmit signal that is produced by transmrtter 
,00 has a 900 MHz frequency. Power amplifier 118 receives me 900 MHz GSM phase 

modulated signal for amplification. 

For the purposes of .he present example, VCO 116 produces an output frequency 
oscillation of 900 MHz as the RF transmit signal. The 900 MHz signal is further produced to a 
mixer 124 that is further coupled to receive a 926 MHz signal from a FRAC-N phase locked loop 
(PLL) frequency synthesizer 126. As is known by one of average skill in the art, nuxer 124 
multiplies or mixes the Wo input signals, here 900 MHz and 926 MHz, to produce a 26 MHz 
output signal as well as all odd order harmonics hereof. This feedback signal is produced to a 
feedback filter 128 mat attenuates signals above 26 MHz signal to produce a 26 MHz feedback 
signal that may be represented as cos«o K . + Oar). The feedback signal is produced to PFD 110 
that compares the phase of the feedback signal to the filtered IF signal (the reference signal) to 
cause the output phase of the RF transmit signal produced by VCO 116 to track the phase of the 
filtered IF signal that was prodnced from the digitized IF signal generated by digital processor 

102. . 

In analyzing the feedback signal produced by feedback filter 128, one may note mat the 

frequency is 26 MHz. Above it was mentioned mat FRAC-N PLL frequency syothesrzer 126 
produces a 926 MHz signal to mixer 124. The output of mixer 124, therefore, is a 26 MHz 
signal As is known by one of average skill in the art, a mixer, such as mixer 124, will output a 
frequency reflecting a difference of the two input frequencies. Accordingly, the frequency of 
FRAC-N PLL frequency synthesizer 126 is selected so that, when mixed 900 MHz signal, a 
desired frequency feedback signal (here, 26 MHz) is produced to feedback filter 128. 

The loop filter 1 14 in the described embodiment of the invention of Fignre 6 is a narrow 
bandwidth filter that provides improved filtering of spurious tones generated reference sources, 
among other sources, and parocnlarly IF reference sources. Thus, while loop filter . 14 provides 
improved filtering for a frequency band of interest in contrast to filters having larger bandwrdth, 
,oop filter adds distortion to the signal, More specifically, loop filter 114 introduces some 
magmu.de distortion and some group delay variation for the various frequency components of a 
, signal being filtered within the loop filter 1 14. Accordingly, as will be explained in greater de.a.1 
below digital processor 102 compensates for the magnitude distortion and group delay vanaflon 
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introduced by the corresponding PLL closed loop filter by "^storing" the digital data 
produced to DAC 106. More specifically, processor 102 inverts the magnitude dtstortton and 
delays faster frequency components to reduce the overall magnitude distortion and group delay 
variation. 

Figure 7 is a digital processor of a radio transmitter that receives digital data, modulates 
the digital data and produces a digitized IF signal according to one embodiment of the present 
invention. A baseband data modulator 130 is coupled to receive digital data to modulate the 
digital data and to produce a digitized baseband signal. An upsampler (interpolator) 132 is 
coupled to receive the digitized baseband signal. Upsampler 132 produces an upsampled 
baseband signal based on the digitized baseband signal. In the described embodiment of the 
invention, upsampler 132 increases the sample rate of the digitized baseband signal by a factor of 
12. In the described embodiment of the invention, a sample rate of the digitized baseband signal 

is approximately equal to 270.833 kHz. 

A Gaussian filter 134 is coupled to receive the upsampled baseband signal and to produce 
a Gaussian filtered baseband signal. A PLL magnitude equalization block 135 is coupled to 
receive the Gaussian filtered baseband signal and to compensate for magnitude response 
characteristics of at least one downstream filter. Generally, because a loop filter utilized in the 
present invention has a relatively small bandwidth, it introduces distortion to the signal due to its 
sharp corner and filtering. Accordingly, the PLL magnitude equalization block 135 provides an 
inverse PLL magnitude distortion so that, when the signals are propagated through the transmit 
path circuit elements, downstream distortion is minimized or eliminated. Stated differently, PLL 
magnitude equalization block 135 pre-distorts the transmit signal such that the transmit signal 
effectively is filtered by a filter with much wider bandwidth than that of the narrow bandwidth 
analog PLL signal loop filter of the translation^ loop of Figures 6 and 8 (below). 

A PLL magnitude equalization block 135 output is then produced to a TX chain group 
delay equalizer (TX chain GDE) 136 that compensates for transmitter chain group delay 
variations. More specifically, TX chain GDE 136 adds delay to frequency components that 
propagate faster than other frequency components to reduce the overall variation in group delay 
for the transmit chain. Thus, TX chain GDE 136 pre-distorts the transmit signal processing path 
) such that the transmit signal effectively is filtered by a linear phase filter. 
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I„ the described embodiment of the invention, both magnitude equalization bloek 135 
and TX chain GDE 136 are fourth order I1R filters. The derivation of the coefficients for a 
fourth order DR filter depend in part upon the frequency band of operation and the bandwdth of 
me frequency band. Generally, though, me transfer function for the downstream loop filter ts 
evaluated and coefficients are derived to pre-compensate for magnitude distortion and group 
delay variation that is introduced in the signal path. One of average skill in the art of dtgttal filter 
design may readily determine such coefficients according to specific design requirements and 
constraints TX chain GDE 136 produces a partially delayed output to an integrator 138 whtch 
comprises a delay Cement 140 whose output is produced to a feedback loop to integrate the 
output of the phase modu.atton index adjust block 136. An integrated baseband signal produced 
by integrator 138 is then produced to a coordinate rotation digital computer (CORDIC) 142. 
CORDIC 142 modulates the data and produces corresponding I & Q vector digital data. The 1 
vector digital data is produced to an upsampler 144 that upsamples the I vector digital data. In 
the described embodiment of the invention, the I vector digital data is upsampled 4 times m one 
embodiment of the invention (to produce low IF digital data having a sample frequency of 1 3 
MHz) In an alternate embodiment, the 1 vector digital data is upsampled 32 times to produce an 
IF signal (104 MHz). Upsampler 144 produces upsampled I vector (in-phase) data to a low-pass 
filter 146 that produces filtered I vector data. The filtered I vector data is produced to a mtxer 
148 that is further coupled to receive modulation data (a repeating sequence of 1, 0, -1, 0) for 
multiplying with successive bits of the filtered I vector (in-phase) data. 

Similarly CORDIC 142 produces Q vector (quadrature phase) digital data to an 
upsampler 150. ' Upsampler 150 upsamples die Q vector digital data by the same amount as 
upsampler 144. In the described embodiment, the data is upsampled by a factor of 4. 
Alternatively, the data is upsamp.e 32 times. Generally, .he I and Q branches are upsampled by 
an equiavalen, amount. Upsampler 150 produces upsampled Q vector data to a low-pass filter 
,52 that in mm, produces filtered Q vector data to a mixer 154. Mixer 154 also is coupled to 
receive modulation dam, namely (a repeating sequence of 0, -1, 0, 1) which it multipltes wtth 
successive bits of the filtered Q vector (quadrature) data. The output* of mixers 148 and 154 are 
then produced to a summing block (adder) 1 56 that produces the digitized IF stgnal. 
, It should be noted that the digitized IF signal has been upsampled, in the desenbed 

embodiment, 12 times and men one of 4 or 32 times. Because the baseband data modulator 
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produces data having a sample rate of 270.833 KHz, 0. digitized IF signal has a corresponding 
sample rate of one of 13 or 104 MHz . In one embodiment of the present invention, upsamplers 
132 144 and 150 upsample at higher rates to produce a digitized IF signal sampled at 338 MHz. 
Different upsampling amounts may be used according to design requirements including tolerable 
frequency bands for harmonics as is known by one of average skill in the art. 

Figure 8 illustrates a translation^ loop transmitter in accordance with some current 
desi^s for use in a global system for mobi.e communications (GSM) network. The transmitter 
,60 of Figure 6 may, for example, be used as a so-cal.ed "quad" band transmitter, where four 
transmission bands are supported for GSM. Specifically, these bands are located m the 
, 190fiMHz, 1800MHz, 900Mhz, and 800MHz range. The transmitter of Figure 6 may readdy be 
constructed to produce radio frequency transmissions a, any one of these four bands. For 
simplicity, only one power amp la shown. In one embodiment, however, ^hy-two 
module and an additional power amplifier are coupled to receive the oscillation from VCO m. 
Accordingly, by selecting between an .800 and 1900 MHz output frequency from VCO 186 and 
5 by selecting between PA 188 or a PA coupled by way of the divide-by-two module (both no, 

- n f ocn \au 7 Q00 MHz 1800 MHz or 1900 MHz may 

shown), a corresponding output frequency of 850 MHz, 90U mhz, sou 

be selected. 

Generally, me transmitter „f Figure 6 includes a baseband processor 1 62 that produces a 
low frequency digital signal (over I and Q signal paths) that is converted by a pair of DACs 1 64 
20 and 166 and is low-pass fihered by LPFs 168 and 170 to create a low frequency connnuous 
waveform signal. A transanal .oop is men used to up-convert the low frequency continuous 
waveform signal to the desired transmission frequency for transmission from a power amphfier. 
Because this transmitter is utilized in a GSM network in which the information is conveyed m a 
phase-modulated carrier, the digital processor of me transmitter of Figure 1 phase modulates the 

M d,8,tal Tpair of mixers 172 and 174 mix the sisals from I and Q feedback paths with the 1 and 
q sigM , s produced by digital processor 162 and produce mixed I and Q branch signals to an 
adder 176 Adder 176 sums the mixed I and Q branch signals and produces a contmuous 
waveform signal to LPF 178. LPF 178 then produces a filtered analog signal to phase and 

,0 frequency detector (PFD) 180. PFD 180 further receives a 26 MHz crystal reference and 
produces an error control signal to a charge pump 182. This approach is in contrast to the 
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approach of Figure 6 in which the signals produced by the digital processor are produced to the 
PFD as a reference signal for comparison to the feedback signal. Moreover, while the approach 
of Figure 6 is for a radio transmitter in which the digital processor produced IF digital data, it is 
understood that the configuration of I and Q branches and mixers as shown here in Figure 8 may 
be used to produce mixed I and Q branch signals as reference signals to PFD 180 instead of the 
crystal based reference for comparison with a combined feedback sigaal. 

Charge pump 182 produces an error current to a loop low-pass filter (Loop Filter) 184 
based upon the error control signal produced by PFD 180. Loop filter 184 produces a 
corresponding error voltage to a voltage controlled oscillator (VCO) 186 that, in turn, produces a 
corresponding oscillation that is received and amplified by a power amplifier 188 for 
transmission from an antenna. A pair of offset mixers 190 and 192 are coupled to receive the 
oscillation produced by VCO 1 86 to create I and Q branch feedback signals that are produced to 
mixers 172 and 174 as described above. More specifically, offset mixers 190 and 192 further 
are coupled to receive a 926 MHz signal for mixing with the 900 MHz output produced by VCO 
186. The output of mixers 190 and 192 are I and Q branch signals having a 26 MHz frequency. 
The outputs of mixers 190 and 192 are produced to LPFs 194 and 196 to filter and create the 
actual feedback signals that are produced to mixers 172 and 174. Generally, radio frequency 
channel selection is achieved by employing a fractional-n (FRAC-N) frequency synthesizer that 
defines a frequency that is to be mixed with the output of VCO 186 to create a feedback signal 
with a specified frequency as is known by one of average skill in the art. 

A qualitative description of the operation of the translational loop is as follows. The sum 
of the mixing products of the baseband I & Q components with down-converted RF output I & Q 
components are low-pass filtered to generate a 26 MHz sinusoid whose excess phase component 
equals the difference between the desired baseband phase signal and the RF output phase signal. 
The 26 MHz IF is extracted by the PFD whose output is the phase error signal. As in any other 
properly designed PLL, the closed loop action of the loop causes the error signal to approach 
zero; hence, the phase of the RF output tracks the phase of the baseband signal, as desired. 

The translational loop transmitter of Figure 8 includes a digital processor 162 that pre- 
distorts the digital data as described herein. As may be seen from the examples of Figures 4 and 
i 6 , the present invention may be used in a variety of translational loop configurations that produce 
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a variety of output frequency signals. This particular transmitter is intended for application in 

GSM cellular telephony. 

Figures 9A and 9B show details of a typical charge pump and loop filter configuration 
formed according to one embodiment of the present invention. As may be seen, first and second 
flip flops FF1 and FF2 received a reference input and a feedback input. The output of the fhp 
flops FF1 and FF2 are reset only when both FF1 and FF2 produce a logic 1 based on havmg a 
logic 1 input from the reference and feedback signals. Accordingly, a difference in phase or 
frequency results in a corresponding logic 1 being produced either from FF1 or FF2 depending 
upon whether the feedback signal lags or leads the reference signal. The charge pump of Ftgure 
7B then generates a corresponding control voltage that is produced to the VCO of the 
translations loop. The operation of the PFD and CP of Figures 7A and 7B are known and 
readily appreciated by one of average skill in the art. 

Figure 10 is a plot of the RF output spectrum when measured with a measurement filter 
of 30kHz bandwidth, as prescribed by the GSM standard. Also shown are the spectral mask 
requirements of the GSM standard. Figure 1 1 gives the details of the spectral mask requirements. 
The combination of me using a loop filter with a narrow bandwidth in the order of 200-300 kHz 
with the digital processor that presorts digital signals to compensate for downstream 
distortion allows me radio transmitter of Figures 6 and 8 to satisfy the spectra, mask 

requirements of Figures 1 0 and 1 1 . 

Figure 12 shows a linearized model of the translational loop RF transmitter. This model 
represents the effective signal processing performed by the phase locked loop on the baseband 
signal as it is translated to the RF. In the figure, 0 BB denotes the phase modulation generated by 
the digital baseband processor, and %, denotes me phase modulation of me RF output signal. 
Applying standard linear system analysis, me transfer function between RF output and baseband 
processor output can be expressed in terms of charge pump current, i cf , loop components, and 
VCO sensitivity, k V c<> 
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Subsequently, the transfer function H(s) will be referred to as the PLL signal filter. Ideally, it is 
desirable that H(s)=l such that 0kp=0bb for all frequencies. In this case, the PLL signal filter 
imposes no distortion on the signal and therefore does not introduce modulation error. However, 
in practice, designing the PLL such that H(s)=l, i.e., has infinite bandwidth, is impossible. First, 
loop stability considerations dictate that the bandwidth of the PLL signal filter be less than about 
1/10 of the IF frequency, i.e., for the example PLL, H(s) must thus have bandwidth less than 
2 6MHz Second, narrowing the PLL signal filter bandwidth reduces the amount of "feed- 
through" of the IF reference signal to the RF output signal. IF reference feed-through is the result 
of non-zero reset delay of the PFD as well as mismatches between the "up" and "down" current 
sources of the charge pump. These non-ideal effects create a periodic signal on the VCO control 
voltage corresponding to the IF frequency. Typically, in a high-speed digital CMOS process, the 
reset delay of the PFD is a few nano-seconds and the mismatch of the charge pump current 
sources 5-10%. 

Applications such as GSM have strict limitations on the amount tolerable IF reference 
feed-through. Figure 13 shows the "spurious emissions" requirements of the GSM standard as a 
function of frequency band. For example, when the transmitter is operating in the GSM900 band, 
the IF reference feed-through, which occurs at 26MHz offset from the TX frequency, must be 
limited to -79dBm, or -1 12dBc when normalizing to a transmit power of +33dBm. Designing a 
PLL signal filter that provides strong attenuation of the reference feed-through significantly 
simplifies the design of the PFD and charge pump to meet this stringent spurious emissions 
requirement. 

In the prior art, the maximum narrowness of H(s) is mainly dictated by the bandwidth of 
the signal and the permissible modulation error. For example, in GSM, where the channel 
spacing is 200kHz and the root-mean-square (RMS) transmitter modulation error performance 
must be better than 5° and the peak modulation error must be better than 20°, designing the PLL 
filter narrower than 1MHz leads to prohibitively large modulation errors. In this case, the 
attenuation of reference feed-through by the PLL filter is limited and - for practical PFD reset 
delays and CP current source mismatches in a CMOS process - may not suffice to meet the 
) spurious emissions requirements of the GSM standard as stated in the example. 
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Modulation error as a result of a narrow PLL signal filter is due to both amplitude 
distortion as well a group delay variation - or, equivalent!^ non-linear phase response - over the 
signal band of interest. Stated in popular terms, group delay variation causes different frequency 
components of the transmit signal to travel through the transmit chain at different speeds, thereby 
5 causing inter-symbol interference. As an example, for the translational loop of pnor art 
considered in the above, the modulation error resulting from the PLL signal filter shown in 
Figures 2 and 3 is (RMS, Peak) = (0.53°, 1.84 •). While this amount of modulation error is less 
than the GSM standard permits, it is typically the maximum that can be allowed in the absence of 
other non-ideal effects such as analog circuit noise and non-linearities, component variations due 
0 to process variations, and component performance fluctuations due to temperature variations. All 
these effects add up to form the total modulation error. 

Figure 14 shows the magnitude response of the PLL signal filter of the translational loop 
RF transmitter designed in accordance with the present invention. Notice that the 3dB 
bandwidth of the PLL signal filter is about 400kHz, which is considerably smaller than 
15 permissible in prior art. The component values of the loop filter according to the present 
invention are i CP =40uA, Cl =24.4pF, C 2 =252pF, C 3 =8.13pF, R 2 =8.75kQ, R 3 =9.65kQ, and 
kvco=10MHz/V. 

Figure 15 shows the attenuation of the PLL signal filter of the IF reference feed-through, 
i.e., corresponding to the region around 26MHz offset. For this example, the attenuation is 
20 approximately 92dB, or about 40dB more than in prior art. 

Figure 16 shows the RF output spectrum of the translational loop transmitter of Figure 1 
in accordance with the present invention when employing the loop filter of Figures 14 and 15 
and the same PFD reset delay and mismatches in the charge pump current sources as used for 
Figure 12. The frequency range in Figure 14 is 0-30 MHz relative to the RF carrier and 
25 demonstrates IF reference feed-through at 26MHz offset. The GSM IF reference feed-through 
requirement of -112dBc is now satisfied with comfortable margin. In addition, the modulation 
error resulting from this narrow PLL signal filter is merely (RMS, Peak) - (0.14°, 0.40°). 

Figure 17 shows the magnitude response of the magnitude equalizer of the baseband 
processor of Figure 12. It is apparent that the magnitude equalizer "pre-distorts" the transmit 
30 signal according to the inverse of the PLL signal filter, at least up to a few hundred kHz. Notice 
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that frequencies beyond this represent a "don't eare" region of the equalizer sinee the transmit 

signal has no energy in this region. 

Figure 18 shows the magnitude response of the cascade of magnitude equalizer and PLL 

signal filter. . 

Figure 19 shows the group delay response of the PLL signal filter of the translational 

loop RF transmitter designed in accordance with the present invention. 

Figure 20 shows the group delay response of the cascade of magnitude equalizer, group 
delay equalizer, and PLL signal filter. Clearly, aside from some minimal ripple, the group delay 
is constant over the signal band and hence represents filtering with effectively linear phase 



response. 

Both equalizers demonstrated here are implemented as 4* order infinite impulse response 
(IIR) filters, i.e., they are digital filters with transfer functions of the form 

TT „ b n +b t z- x +b 2 z- 2 +b,z-^ +b^_ 
H(Z) -l + a 1 z- , +fl 2 z- 2 +a J z- 3 +a 4 z- 4 

Figures 21 and 22 show the pole/zero plots corresponding to the magnitude and group 
delay equalizer, respectively. As 4 th order IIR filters, each filter can be implemented as a 
cascadeof2bi-quads. A general bi-quad structure is shown in Figure 23. While IIR filters are 
typically the preferred way to obtain equalization in the baseband processor, it should be 
mentioned that, in principle, any type of filters that provide the desired equalization functus 
would be applicable in the present invention. 

Figure 24 is a flowchart illustrating one method of the present invention. A radio 
transmitter includes a digital processor mat npsamples me digital data and performs pulse 
shaping by appropriate filtering (step 450). As has been described herein, the method further 
includes producing a magnitude response for the digital data mat is substantially inverted to a 
magnitude response of the PLL for a specified frequency band (step 452). Additionally, a dtgttal 
processor of the inventive radio transmitter adds frequency selective group delay pre- 
compensation to selective frequency components of the digital data (step 454). The d.gttal 
processor then integrates men pre-compensated digital data to generate the desired phase stgnal 
(step 456) Thereafter, the invention modulates the phase signal and forms correspondmg I & Q 
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vector digital data streams (step 458). Each of the I & Q vector digital data streams are then 
upsampled to increase the sample rate by a second factor and then is filtered (step 460). 
Thereafter, the I & Q digital data is digitally modulated to a desired IF frequency using digital 
mixers (step 462) and a pre-compensated digital information signal at the desired IF is produced 
(step 464). Thereafter, the invention includes converting pre-compensated digital information 
signal to a continuous waveform (analog signal) (step 466) and is filtered to produce a 
continuous waveform intermediate frequency (IF) signal (step 468). 

While the invention is susceptible to various modifications and alternative forms, specific 
embodiments thereof have been shown by way of example in the drawings and detailed 
description. It should be understood, however, that the drawings and detailed description thereto 
are not intended to limit the invention to the particular form disclosed, but, on the contrary, the 
invention is to cover all modifications, equivalents and alternatives falling within the spirit and 
scope of the present invention as defined by the claims. As may be seen, the described 
embodiments may be modified in many different ways without departing from the scope or 
15 teachings of the invention. 
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